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Abstract

We assessed the usefulness of magnetic properties for tracing sediment erosion in a deltaic
environment. Surface and core sediments from the Yangtze River subaqueous delta were subjected to
magnetic, granulometric, geochemical, and radionuclide analyses. Based on magnetic properties and particle
size, the surface sediments can be divided into three groups. Groups I and II have a similar particle size
distribution and geochemical composition, but the former has higher values of magnetic susceptibility (χ)
and saturation isothermal remanent magnetization (SIRM). We interpret Group I as consisting of modern
sediments, while Group II represents previously buried sediments that have undergone signiﬁcant reductive
diagenesis and that have been subsequently exposed by erosion. Group III has coarser particle size, which
reﬂects the mixing of delta sediments with Pleistocene relict sands. Two cores from the areas occupied by
Groups I and II have signiﬁcantly different magnetic proﬁles. Core A3-4 (Group II) records a partial loss of
magnetic mineral concentration due to diagenesis and has much lower χ, SIRM, and S300 values than core
A6-2 (Group I). Radionuclide dating reveals that core A3-4 sediments are older. We conclude that core
A3-4 location has undergone erosion, which is consistent with recent bathymetric survey results. We propose
that the ratio of SIRM/Fe can be potentially used to trace mobilized old sediment in this environment. Our
study demonstrates that magnetic properties provide a robust approach for studying sediment dynamics in
this type of environment. In addition, our ﬁndings provide insights into the nature of biogeochemical
processes associated with deltaic erosion.

1. Introduction
Over the last few decades, marked geomorphological changes have occurred in many deltas due to both natural processes and human activities in the respective catchments (Milliman & Farnsworth, 2010; Syvitski &
Saito, 2007; Vörösmarty et al., 2003, 2009). For example, the shoreline of the Nile delta has undergone signiﬁcant erosion since the early twentieth century, and the rate of erosion increased rapidly after construction of
the Aswan High Dam in 1964, with an average retreat rate of 100 m/yr (Fanos, 1995; Frihy et al., 2003; Milliman
& Farnsworth, 2010; Stanley & Warne, 1998; Wiegel, 1996). Prior to 1900, the Missouri-Mississippi River system
transported ~4 × 108 t/yr of sediment; however, this value decreased substantially to ~1.45 × 108 t/yr during
1987–2006, leading to a loss of more than 25% of the wetland in the delta (Blum & Roberts, 2009; Coleman
et al., 1998; Kennish, 2001; Meade & Moody, 2009). Other examples of delta erosion include the Colorado
River (Carriquiry et al., 2001), the Yellow River (Chen, Zhang, et al., 2004; Chu et al., 2006; Li et al., 2000;
Milliman et al., 1987; Wang et al., 2010), the Red River (Duc et al., 2012), the Mekong River (Anthony et al.,
2015), the Ebro River (Guillén & Palanques, 1997; Sanchez-Arcilla et al., 1998), and the Po River (Simeoni &
Corbau, 2009).
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The Yangtze River (Changjiang) is the third largest river in the world (Milliman & Farnsworth, 2010). Sediment
discharge to the sea, as measured at the Datong hydrological station, decreased from an average of
3.2 × 108 t/yr (1968–2002) to 1.45 × 108 t/yr following the start of operation of the Three Gorges Dam in
2003, with the lowest sediment load of 0.718 × 108 t in 2011 (Dai & Lu, 2014; Yang et al., 2005, 2015, 2007).
Consequently, the Yangtze River subaqueous delta has experienced slower progradation than usual or even
erosion (Gao, 2010; Yang, Belkin, et al., 2003; Yang et al., 2011). According to Yang et al. (2011), the sediment
erosion rate in the subaqueous delta is as high as 4.5 cm/yr, which contrasts with the rapid deposition rate of
3–5 cm/yr observed in the 1980s (Chen, Saito, et al., 2004; Huh & Su, 1999; Liu et al., 2007; Milliman et al., 1985;
Wei et al., 2007). The eroded sediment can be transported and deposited elsewhere within the delta, which
makes the spatial pattern of deltaic response to decreasing ﬂuvial sediment load more complex. That is,
MAGNETIC TRACING DELTA EROSION
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Figure 1. Locations of (a) the study area in eastern China, with regional current system (modiﬁed after Yang, Jung, et al., 2003) including Yellow Sea coastal
current (YSCC), Changjiang (Yangtze) diluted water (CDW), East China Sea coastal current (ECSCC), Taiwan warm current (TWC), and Kuroshio current (KC); and
(b) sampling sites of surface and core sediments (A3-4, A6-2). Also included are cited cores, including YD0901 (Wang et al., 2012; Zheng et al., 2012), YD13-G3,
YD13-H1 (Sugisaki et al., 2015), and SC07 (Pan et al., 2011). The surface samples are classiﬁed into three groups (I–III) according to variations of magnetic properties
and particle size (Figure 2). The orange triangle represents the estimated area that has been subjected to erosion.

despite decreased ﬂuvial sediment input, part of the delta still accumulates and progrades due to the
buffering effect of redeposition of previously eroded sediments (Dai et al., 2014; Li et al., 2015). In addition
to its impact on morphological change, sediment erosion and redeposition can complicate the
interpretation of sediment stratigraphy based on 14C or 210Pb dating (Bao et al., 2016; Li et al., 2012; Wei
et al., 2007; Wu et al., 2013). Therefore, comprehensive characterization of the spatial deposition/erosion
pattern is critical for understanding the delta response to environmental changes in the catchment.
Typically, the pattern of erosion/deposition can be assessed by repeated bathymetric surveys. Considering
that sediments from site(s) undergoing erosion may have different characteristics from those of depositional
sites, geochemical or mineralogical analyses potentially provide a method for studying delta erosion.
Magnetic properties of sediments are sensitive to reductive diagenesis, which leads to vertical variations of
magnetic properties with depth (Bloemendal et al., 1992; Bouilloux et al., 2013; Chang et al., 2014; Dillon &
Bleil, 2006; Karlin, 1990; Mohamed et al., 2011; Roberts, 2015; Thompson & Oldﬁeld, 1986). It is expected that
previously buried sediments exposed by erosion should have contrasting features to more recently deposited ﬂuvial sediments (Dong et al., 2014). In the present study, we collected samples from the Yangtze subaqueous delta, with the purpose of exploring magnetic property differences for sediments from
depositional and erosional areas, in order to assess the utility of magnetic properties for tracing
sediment erosion.

2. Study Area and Methods
The present-day Yangtze estuary has four outlets that are separated by Chongming, Changxing, Hengsha
Islands and Jiuduansha Shoal (Figure 1) (Chen et al., 1988, 1979). More than 95% of the Yangtze River water
and sediment discharge has passed through the South Branch since the 1950s, within which the water
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discharge is distributed equally between the North Channel and the South Channel (Chen et al., 1988).
Farther offshore, delta fronts and a prodelta have developed in areas with water shallower than 50 m.
Previous studies have revealed that sediment particle size becomes ﬁner seaward in the delta deposits
(Chen et al., 1988; Luo et al., 2012). Sand dominates in the river channel and shoals inside the river mouth,
while clayey silt dominates in the delta front and prodelta. Farther seaward, Pleistocene relict sand covers
the continental shelf. Since present-day sediment discharges predominantly via the South Channel, the
southern part of the subaqueous delta (south of 31°200 N) has become the modern depocenter. In contrast,
the northern part has been subjected to erosion over the last 100 years (Chen et al., 1985).
In the Yangtze subaqueous delta, tides are semidiurnal with a mean and maximum tidal range of 2.7 and
4.7 m, respectively (Chen et al., 1988). Wave height is 0.2 m on average inside the river mouth and 1.0 m near
the river mouth (Chen et al., 1988). The Changjiang diluted water (CDW) ﬂows offshore to the south in winter
and to the northeast in summer. Near the coast, the study area is mainly inﬂuenced by southward ﬂowing
coastal water from the Yellow Sea coastal current (YSCC) and the East China Sea coastal current (ECSCC),
as well as the northward ﬂowing Taiwan warm current (TWC). Over the outer continental shelf, the
Kuroshio current (KC) ﬂows northeastward (Yang, Jung, et al., 2003) (Figure 1a).
According to Yang, Belkin, et al. (2003) and Yang et al. (2011), the zone between 10 and 20 m isobaths in
the Yangtze subaqueous delta is sensitive to decreased river sediment load, and erosion/deposition is
active in this area (Li et al., 2015; Yang et al., 2011). A total of 35 surface sediment samples (top
5 cm) were collected with a box sampler from this area in September 2015 (Figure 1b). In addition,
two gravity cores, A3-4 (31°370 45″N, 122°230 51″E, water depth 25.0 m) and A6-2 (30°560 50″N,
122°140 13″E, water depth 9.4 m), were retrieved in February 2014 and March 2013, respectively
(Figure 1b). The lengths of cores A3-4 and A6-2 are 1.30 m and 2.88 m, respectively. Cores A3-4 and
A6-2 were sampled at 5 cm and 2 cm intervals, respectively. All samples were dried at 40°C and were
disaggregated before analysis.
Bulk sediment particle size distributions were determined using a laser particle size analyzer (Coulter LS 13
320) with a measurement range of 0.04–2000 μm. Before the analysis, the sample was treated with 5%
H2O2 and 0.2 M HCl to remove organic matter and carbonate, respectively. Addition of 0.5 M (NaPO3)6 and
ultrasonic dispersion ensured disaggregation prior to analysis (Lu, 2000).
Magnetic susceptibility was measured using a Bartington Instruments MS2B magnetic susceptibility meter at
low (0.47 kHz) and high (4.7 kHz) frequencies (χ lf and χ hf, respectively). Frequency-dependent susceptibility
(χ fd) was calculated as the difference between χ lf and χ hf (i.e., χ fd = χ lf  χ hf) in mass-speciﬁc terms and is
expressed as χ fd% (= χ fd/χ lf × 100) in percentage. An anhysteretic remanent magnetization (ARM) was
imparted in a 0.04 mT direct current (DC) bias ﬁeld superimposed on a peak alternating ﬁeld (AF) of
100 mT using a DTECH 2000 AF demagnetizer and was measured using a JR6 spinner magnetometer. ARM
is expressed as an ARM susceptibility (χ ARM) by normalizing ARM by the applied DC ﬁeld. Isothermal remanent magnetization (IRM) measurements were made using a forward ﬁeld of 1 T followed by application of
backﬁelds of 100 mT and 300 mT that were imparted using an MM PM10 pulse magnetizer. The IRM
imparted with a 1 T induction is referred to as a “saturation” IRM (SIRM), and the backﬁeld remanence
is referred to as IRMx mT, where x mT denotes the backﬁeld value. Hard IRM was calculated as
HIRM = 0.5 × (SIRM + IRM300mT). S ratios (S100 and S300) were calculated as
S100 = 100 × (SIRM  IRM100mT)/(2 × SIRM), and S300 = 100 × (SIRM  IRM300mT)/(2 × SIRM), respectively
(Bloemendal & Liu, 2005). High-temperature thermomagnetic analyses were carried out on selected samples
using a variable ﬁeld translation balance in air with measurements from room temperature to 700°C and then
to room temperature, all within a ﬁeld of 35 ± 1 mT. Selected samples were subjected to magnetic mineral
extraction using a rare earth magnet. The extracted magnetic minerals were examined with a scanning electron microscope (SEM, Carl Zeiss Merlin Compact) equipped with energy dispersive spectroscopy (EDS).
χ and SIRM generally reﬂect the concentration of magnetic minerals, especially ferrimagnetic minerals
(e.g., magnetite) (Liu et al., 2012; Thompson & Oldﬁeld, 1986). Unlike SIRM, χ is also inﬂuenced by paramagnetic and diamagnetic minerals (Thompson & Oldﬁeld, 1986). HIRM is commonly used to estimate
the concentration of high-coercivity minerals (e.g., hematite and goethite) (Thompson & Oldﬁeld, 1986).
χ fd% reﬂects contribution from ﬁne viscous magnetic grains close to the superparamagnetic (SP)/stable
single domain (SD) boundary to the total ferrimagnetic assemblage (Thompson & Oldﬁeld, 1986). χ ARM
GE ET AL.
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is particularly sensitive to SD ferrimagnetic grains (Maher, 1988).
χ ARM/SIRM is commonly used as a grain size indicator for ferrimagnetic minerals, peaking in the SD range and decreasing with increasing grain size (Maher, 1988). χ ARM/χ has also been proposed as a
grain size indicator (Banerjee et al., 1981); however, its relationship
to ferrimagnetic grain size depends on whether the grain assemblages are mainly larger or smaller than SD size (Oldﬁeld, 1994).
Generally, S300 is a measure of the relative importance of lowcoercivity (e.g., magnetite and maghemite) and high-coercivity (e.g.,
hematite and goethite) components in the total magnetic mineral
assemblage (Bloemendal & Liu, 2005), while S100 reﬂects the ratio
of low-coercivity minerals to medium- and high-coercivity minerals
(Yamazaki, 2009; Yamazaki & Ikehara, 2012). It should be noted that
magnetite and maghemite with higher coercivity may complicate
interpretation (Kruiver & Passier, 2001).
210

Pb and 137Cs activities were measured to obtain a sediment chronology (Appleby & Oldﬁeld, 1978). Sediment samples were sealed in
holders for 3 weeks for Rn to reach the secular equilibrium and then
counted using an HPGe γ spectrometer (GWL-120-15-XLB-AWT). Total
Figure 2. Scatterplot of surface samples and variables on a plot of the ﬁrst prin- 210Pb and 214Pb were determined from the gamma emissions at
cipal component (PC1) versus the second principal component (PC2). Three
46.5 keV and 351.9 keV, respectively, with the latter as the supported
groups (I–III) of surface sediments are identiﬁed.
210
Pb. Excess 210Pb was calculated as the difference between total
210
214
137
Pb and Pb. Cs was determined from the gamma emissions at 661 keV.
Surface sediment samples were analyzed for total organic carbon (TOC) content using potassium dichromate
(K2Cr2O7) titration (Lu, 2000) with precision better than 5%. Total digestion of surface sediment samples was
conducted for analysis of major elements and sulfur concentrations using a mixture of concentrated HFHNO3-HClO4 acids. Concentrations of Fe, K, Mg, Na, Al, Ca, Ti, Mn, and total sulfur (TS) were determined using
an inductively coupled plasma atomic emission spectrometer (Thermo iCAP 7400). A sample of China
National Reference Material GSD-9 was analyzed along with the samples for quality control, with reported
values within 10% for S and 5% for the remainder of the reference value. Principal component analysis
(PCA) was carried out using the C2 software (Juggins, 2007) to identify statistically distinct groups within
the surface samples.

3. Results
3.1. Surface Sediment Group Identiﬁcation
Nine magnetic parameters (χ, SIRM, HIRM, χ fd%, χ ARM, S100, S300, χ ARM/SIRM, and χ ARM/χ) and one particle
size parameter (median size) were chosen for PCA analysis. Two principal components account for 84% of the
total variation (Figure 2). The ﬁrst principal component (PC1, 49%) has a high positive loading on median size
but a negative loading on ferrimagnetic grain size indicators (χ ARM/SIRM and χ ARM/χ), which therefore reﬂects
a hydrodynamic inﬂuence. The second principal component (PC2, 35%) has high negative loadings on χ and
SIRM, which therefore reﬂects the inﬂuence of ferrimagnetic concentration (Figure 2). The PC1 versus PC2
biplot enables identiﬁcation of three groups (Figure 2). Group I has higher ferrimagnetic concentration but
ﬁner particle size composition compared to Group III, while Group II is characterized by lower ferrimagnetic
concentration and ﬁner particle size (Figure 2). Groups II and III are found in the northern part of the study
area, while the remaining areas are represented by Group I (Figure 1b).
3.2. Particle Size Distributions
Surface sediment samples in the study area are dominated by silt, with a median size (d50) ranging from 5 to
35 μm for most samples (30 of 35). Excluding several samples from areas near shoals, Groups I and II sediments have similar particle size distributions and are ﬁner than those of Group III (Figures 2 and 3).
Sediments in Group III have two almost equally dominant peaks at around 40 and 300 μm (Figure 3). Most
GE ET AL.
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of the samples in cores A3-4 and A6-2 have similar particle size distributions to Groups I and II (Figure 3), with similar median size values of
around 10 μm (Figure 4).
3.3. Magnetic Properties

Figure 3. Particle size distributions of surface sediments from the three identiﬁed groups and core samples. Groups I and II and cores A3-4 and A6-2 have
similar particle size distributions, while Group III is much coarser.

Group I has much higher χ and SIRM values than the two other groups,
which indicates higher concentrations of magnetic minerals. Group II
has the lowest values, while Group III has intermediate values
(Figure 5a and Table 1). HIRM values are similar in Groups I and II, which
are higher than those in Group III (Table 1). χ fd% has lowest values in
Group II (Table 1). χ ARM values are highest in Group I, while χ ARM/
SIRM and χ ARM/χ are highest in Group II (Table 1). Group I and Group
III samples have S100 values higher than 80%, whereas those of
Group II are less than 80% (Figure 5b and Table 1). In summary,
Group I samples have higher χ, χ fd%, SIRM, S300, and S100 values,
and Groups II and III samples have low and intermediate χ, χ fd%,
SIRM, S300, and S100 values, respectively (Table 1).
In core A3-4, χ and HIRM undergo minor variations with depth, while
SIRM and S300 values decrease with increasing depth (Figure 4).

Figure 4. Down core variations of magnetic properties (a) χ, (b) SIRM, (c) HIRM, (d) S300, and (e) median size for cores A3-4 and A6-2. In core A6-2, χ, SIRM, and S300
are stable in the upper 0.68 m (unit A) and then decline to the base of the core (unit B). χ, SIRM, and S300 values are much lower in core A3-4 compared to
those in core A6-2, although they have similar median size and HIRM values.

GE ET AL.
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Figure 5. Relationships between (a) SIRM versus χ, (b) S100 versus SIRM, (c) χ ARM versus χ, and (d) χ ARM versus <16 μm fraction for surface and core sediments.
There is a general positive correlation for Figures 5a, 5c, and 5d. Group II sediment is magnetically similar to core A3-4. The relationship between χ ARM and the
<16 μm fraction deﬁnes two end-member groups (i.e., Group I and core A3-4), where other data for the sediments lie between these end-members.

Core A6-2 can be divided into two parts, i.e., units A (0–0.68 m) and B (0.68–2.88 m). χ, SIRM, and S300 are
higher and stable in unit A and then decrease gradually with increasing depth in unit B (Figures 4a, 4b,
and 4d). HIRM in core A6-2 has no obvious trend with depth. χ, SIRM, and S300 values are much higher in
core A6-2 than those in core A3-4, while HIRM has similar values and a similar variation trend with depth
(Figure 4). Thermomagnetic curves for the studied samples have a Curie temperature of ~580°C (Figure 6),
which indicates the presence of magnetite (Thompson & Oldﬁeld, 1986). The magnetization of Group II
and core A3-4 samples is stable until ~350°C in heating curves. Above ~350°C, there is a signiﬁcant increase
in magnetization with peaks around 450°C (Figures 6b, 6c, 6e, and 6f); this probably reﬂects the transformation of weakly paramagnetic minerals (e.g., iron sulﬁde, siderite, and/or clay minerals) to a ferrimagnetic
mineral such as magnetite (Maher & Thompson, 1999; Pan et al., 2000; Passier et al., 2001; Roberts, 1995).
In contrast, such peaks are minor in Group III samples (Figure 6d) and are absent in Group I and core A6-2
samples (Figures 6a, 6g, and 6h).

Table 1
Summary of Magnetic Properties (Mean ± Standard Deviation) for Surface Sediments
8

(10
Group I
(n = 22)
Group II
(n = 3)
Group III
(n = 10)

GE ET AL.

χ
3
1
m kg )

(10

SIRM
2 1
Am kg )

6

HIRM
2 1
Am kg )

6

(10

χ fd%
(%)

χ ARM
8 3

(10

m kg

1

)

S100
(%)

S300
(%)

χ ARM/SIRM
5
1
(10 mA )

χ ARM/χ

63 ± 6

7030 ± 499

449 ± 61

4.9 ± 0.9

402 ± 92

87 ± 1

94 ± 1

57 ± 13

7±1

31 ± 1

4049 ± 100

475 ± 32

1.2 ± 0.4

273 ± 26

77 ± 1

88 ± 1

68 ± 7

9±1

55 ± 10

4893 ± 699

283 ± 55

2.7 ± 0.7

222 ± 60

88 ± 2

94 ± 1

47 ± 16

4±2
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Figure 6. Representative temperature-dependent magnetization curves for surface and core sediments. Red and blue lines represent heating and cooling curves,
respectively. The humps between 400 and 500°C on the heating curve are evident for Group II and core A3-4 samples but are minor or absent in samples from
Groups III and I and core A6-2 sediments.

3.4. Chronology
Excess 210Pb and 137Cs are not detected in core A3-4 sediments, which suggests that the core A3-4 sediments
are at least older than 100 years (approximately 5 times the half-life 22.3 years of 210Pb). In core A6-2, excess
210
Pb and 137Cs are detected only within the upper 1.0 m, as shown in Figure 7. The irregular distribution of
excess 210Pb precludes its use for dating (Figure 7a). Assuming the 137Cs activity peak at a depth of 0.8 m

Figure 7. Down core variations of (a) excess
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corresponds to the year 1963 (Figure 7b) (Huh & Su, 1999; Pan et al.,
2011), an average sedimentation rate of 1.6 cm/yr above the peak is
obtained. The sedimentation rate is similar to that reported for the
nearby core SC07 (Figure 1b) (Pan et al., 2011), which conﬁrms the reliability of the dating results. We estimate that the age of core A6-2 is
younger than 200 years, assuming 1.6 cm/yr as the mean sedimentation rate for the whole core.
3.5. Geochemical Analyses
TOC is generally less than 1% for surface sediment, with relatively lower
values in Group III (Figure 8 and Table 2). TS has relatively high values
(>0.1%) in Group II samples (Figure 8 and Table 2). TS/TOC ratios are
less than 1/2.8, which is typical for normal marine sediment (Berner,
1982) (Figure 8). Concentrations of major elements in the surface sediments of these three groups are summarized in Table 2, with the highest concentrations of Fe, K, Mg, Al, Ti, and Mn in Group II. Correlation
Figure 8. Scatterplot of total sulfur (TS) versus total organic carbon (TOC) for the
analysis reveals a strong positive relationship between the concentrastudied surface sediments. The line corresponding to a TS/TOC ratio of 1/2.8
tions of these six elements and the <16 μm fraction, while there is no
represents the value for normal marine sediments (Berner, 1982).
obvious relationship between the concentrations of Na and Ca and particle size (Figure 9 and Table 3). TOC is positively correlated with the <16 μm fraction, while TS is weakly
related to particle size (Table 3).

4. Discussion
4.1. Reasons for Differences in Magnetic Properties of Surface Sediments
Sediments in Groups I, II, and III have markedly different magnetic mineral concentrations and mineralogical
compositions, which may be the result of particle size variations in response to hydrodynamic variations and
sorting (Dong et al., 2014; Nguyen et al., 2016). The bimodal particle size distribution of Group III sediments is
consistent with the fact that this group is located in the transitional area between ﬁne-grained prodelta
deposits and coarse relict sands on the continental shelf (Luo et al., 2012). In contrast, Groups I and II have
similar particle size distributions and, therefore, are likely to have been deposited in a similar sedimentary
environment. Correlation analysis results (Table 4) indicate that particle size has only a minor inﬂuence on
χ and SIRM variations; however, χ fd%, χ ARM, χ ARM/χ, χ ARM/SIRM, and HIRM have positive relationships with
the <16 μm fraction (Figure 5d and Table 4), which is consistent with our previous results from Yangtze estuary tidal ﬂat sediments (Zhang & Yu, 2003). Compared to Group I, samples from Group II deviate from the
χ ARM and <16 μm regression line (Figure 5d), although both groups have similar particle size distributions
(Figure 3).
Provenance could be a factor that differentiates the magnetic properties of the studied sediments.
Geochemical analysis reveals that samples from Groups I and II have a similar major element composition,
with higher concentrations of Fe, K, Mg, Al, Ti, and Mn than those in Group III (Table 2). This difference could
be caused by particle size variations, because the correlation analysis demonstrates that the concentrations
of Fe, K, Mg, Al, Ti, and Mn have a strong positive correlation with the <16 μm fraction (Figure 9 and Table 3).
These elements are relatively immobile during soil chemical weathering and tend to concentrate in the ﬁnegrained sediments. On the other hand, Ca and Na are easily leached from soils and they are normally
depleted in ﬁne-grained sediments (Nesbitt & Young, 1982). Such an enrichment of Fe, K, Mg, Al, Ti, and
Mn in ﬁne-grained sediment is consistent with previous geochemical studies in this area (Lin et al., 2002;
Table 2
Summary of Geochemical Compositions (Mean ± Standard Deviation) for Surface Sediments

Group I (n = 22)
Group II (n = 3)
Group III (n = 10)

GE ET AL.

Fe (%)

K (%)

Mg (%)

Na (%)

Al (%)

Ca (%)

Ti (%)

Mn (mg/kg)

TS (%)

TOC (%)

3.73 ± 0.41
4.02 ± 0.28
2.89 ± 0.26

2.19 ± 0.22
2.38 ± 0.16
1.78 ± 0.09

1.39 ± 0.13
1.61 ± 0.07
1.27 ± 0.08

1.42 ± 0.14
1.39 ± 0.12
1.59 ± 0.13

7.12 ± 0.75
7.81 ± 0.55
5.53 ± 0.42

2.70 ± 0.22
1.80 ± 0.27
2.73 ± 0.28

0.45 ± 0.03
0.44 ± 0.02
0.36 ± 0.03

796 ± 108
827 ± 82
602 ± 123

0.06 ± 0.02
0.10 ± 0.01
0.06 ± 0.05

0.76 ± 0.16
0.87 ± 0.08
0.51 ± 0.14
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Figure 9. Correlations of (a) Al, (b) Fe, (c) Mg, (d) K, (e) Mn, (f) Ti, (g) Ca, and (h) Na with the <16 μm fraction. The linear relationships in Figures 9a–9f indicate that
variations in these elements are inﬂuenced largely by particle size effects. Negative relationships (with poor linear correlation) in Figures 9g and 9h suggest
that Ca and Na are depleted in the <16 μm fraction.

Zhao & Yan, 1992). This suggests that the sediments in the study area have a common source and, therefore,
that provenance likely plays a minor role in causing magnetic differences.
Another possible explanation is that although the sediments from both Groups I and II are from close to the
sediment surface, the sediments may have different ages and they may have experienced different degrees
of reductive diagenesis, which can signiﬁcantly affect sedimentary magnetic properties (Roberts, 2015).
Group I may represent modern deposits, while Group II sediments may be signiﬁcantly older and are now
exposed due to erosion. Optically stimulated luminescence dating of two cores (YD13-G3 and YD13-H1)
further offshore (Figure 1b) reveals that cored surface sediments have ages of ~2,000 years (Sugisaki et al.,
2015). This supports the interpretation that exposure of older sediment at the surface can occur in the subaqueous delta. In coastal marine environments, sediments undergo reductive diagenesis with increasing burial depth/age, which leads to lower χ, SIRM, and χ ARM values and to lower S ratios due to preferential removal
of magnetite and to relative enrichment in high-coercivity hematite and goethite (Ge, Zhang, et al., 2015; Liu
et al., 2004; Mohamed et al., 2011; Rowan et al., 2009). Low χ fd% values of Group II are consistent with the fact
that SP grains are preferentially dissolved during reductive diagenesis. Although TS values of Group II are not

Table 3
Pearson’s Correlation Coefﬁcients Between Geochemical Composition and Sediment Particle Size

<4 μm
4–8 μm
8–16 μm
16–32 μm
32–63 μm
>63 μm
Median Size

Fe

K

Mg

Na

Al

Ca

Ti

Mn

TS

TOC

0.89
0.92
0.83
0.09
0.52
0.69
0.69

0.83
0.85
0.80
0.16
0.45
0.69
0.66

0.72
0.76
0.69
0.13
0.36
0.61
0.59

0.38
0.33
0.16
0.28
0.15
0.16
0.25

0.88
0.91
0.83
0.12
0.48
0.71
0.72

0.40
0.41
0.20
0.29
0.35
0.11
0.26

0.79
0.79
0.77
0.21
0.31
0.72
0.65

0.77
0.82
0.74
0.01
0.58
0.53
0.45

0.47
0.44
0.43
0.22
0.26
0.41
0.46

0.88
0.91
0.85
0.26
0.37
0.81
0.75

Note. The bold type indicates values that are statistically signiﬁcant at p < 0.01.
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Table 4
Pearson’s Correlation Coefﬁcients Between Magnetic Parameters and Sediment Particle Size

<4 μm
4–8 μm
8–16 μm
16–32 μm
32–63 μm
>63 μm
Median Size

χ

SIRM

HIRM

χ fd%

χ ARM

S100

S300

χ ARM/SIRM

χ ARM/χ

0.16
0.08
0.09
0.04
0.11
0.06
0.13

0.36
0.32
0.36
0.09
0.05
0.40
0.24

0.82
0.80
0.75
0.17
0.26
0.74
0.69

0.50
0.49
0.52
0.21
0.14
0.51
0.48

0.80
0.83
0.84
0.24
0.41
0.72
0.68

0.39
0.44
0.32
0.02
0.22
0.29
0.40

0.49
0.52
0.43
0.09
0.28
0.39
0.49

0.71
0.79
0.78
0.30
0.48
0.64
0.71

0.72
0.82
0.79
0.24
0.40
0.67
0.72

Note. The bold type indicates values that are statistically signiﬁcant at p < 0.01.

signiﬁcantly higher than those of Group I, iron sulﬁdes including pyrite and greigite occur in sediments from
the Group II region (Figure 10). The thermomagnetic curves also suggest that Group II sediments have undergone reductive diagenesis because local peaks between 400 and 500°C in heating curves are indicative of the
alteration of iron sulﬁde (Passier et al., 2001; Roberts et al., 2011). It should be noted that greigite is not a
major ferrimagnetic component in our samples, since the SIRM/χ values are generally lower (<18 kA/m).
Normally, sediment with abundant greigite occurrence will have much higher SIRM/χ ratios (e.g.,
>30 kA/m) (Roberts et al., 2011). The slight enhancement of TS in Group II compared to Group I, and relatively
lower TS accumulation compared to normal marine sediment (Figure 8), can be explained by the dominance
of refractory terrestrial organic carbon and abundant iron supply in the study area (Blair & Aller, 2012; Ge,
Zhang, et al., 2015; Wu et al., 2013; Yao et al., 2014). With less reactive organic carbon, lower sulﬁdization is
expected (Roberts, 2015).
Further evidence for reductive diagenesis of surface sediments in Group II comes from comparing cores A3-4
and A6-2. Core A3-4 is located within the area of Group II, while core A6-2 is from the area of Group I.
According to 210Pb and 137Cs data, core A3-4 is at least 100 years old, while core A6-2 receives modern
deposition. Lower values of χ, SIRM, χ ARM, and S ratios in core A3-4, compared to core A6-2 (Figure 4), are

Figure 10. Secondary electron images by scanning electron microscope (SEM) of extracted magnetic particles from
(a) surface sediment and (c) core A3-4 sediment. The red crosses in Figures 10a and 10c are the locations for the energy
dispersive spectra (EDS) shown in Figures 10b and 10d, respectively. The Fe/S atomic ratios indicate that the iron sulﬁdes in
Figure 10a have a composition close to pyrite, while the composition of those in Figure 10b is closer to greigite.
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indicators of stronger reductive diagenesis in the former. A plot of χ ARM against the <16 μm fraction for core
A3-4 also reveals the impact of reductive diagenesis (Figure 5d), which is supported by SEM observations
(Figures 10c and 10d). Core A6-2 is also inﬂuenced by diagenesis, as indicated by the decrease in χ and
SIRM values with depth below 0.68 m (Figures 4a and 4b), where the lowest values are still much higher than
at equivalent depths in core A3-4. Group I samples are located in the present depocenter of the Yangtze
Delta. Core A6-2 has a sedimentation rate greater than 1 cm/yr, which is consistent with previously reported
high sedimentation rates of several cm/yr in the 1980s and 1990s (Wei et al., 2007; Yang et al., 2011).
Normally, sediment diagenetic zones can be divided into oxic, ferruginous, sulﬁdic, and methanic zones with
increasing depth (Roberts, 2015). The upper three zones can be identiﬁed in many shallow sediment cores
from variations in magnetic properties with depth, i.e., a zone with high and stable χ, a zone of sharply
decreasing χ, and a zone with low and stable χ (Ge, Zhang, et al., 2015; Roberts, 2015; Rowan et al., 2009).
Due to high sedimentation rates and relatively low reactivity of organic carbon in this area, the ferruginous
to sulﬁdic boundary (FSB) lies at a relatively deep depth (Ge, Zhang, et al., 2015). The sulfate-reducing zone
appears to occur below the base of core A6-2 because it lacks the zone of low and stable χ and SIRM values
that are typical of the sulﬁdic zone. A study of a nearby core YD0901 (Figure 1b) reveals that the FSB is located
at a depth of 8 m (Zheng et al., 2012). Based on radiocarbon dating, this depth corresponds to an age of
1,690 years B.P. (Wang et al., 2012). Our previous study (Ge, Zhang, et al., 2015) of core A12-4 in the neighboring East China Sea shelf, which has a sedimentation rate of 0.32 cm/yr with the FSB occurring at a depth of
1.0 m, also reveals an estimated age of 300 years for the depth at which the sulﬁdic zone starts. It is concluded
that removal of ferrimagnetic minerals due to sulfate reduction requires a period of 300–1,000 years in our
study area. Sediments in core A6-2 were deposited over the last 200 years, which accounts well for the incomplete magnetic mineral diagenesis in this core. On the other hand, core A3-4 appears to lie entirely within the
sulﬁdic zone, as suggested by consistently low χ and SIRM values, which further reveals that the oxic and ferruginous zones in the upper part of core A3-4 have been removed by erosion. This interpretation is in accord
with the fact that the area was subjected to strong erosion between 2007 and 2013, with a maximum eroded
sediment depth of ~5 m (Li et al., 2015). Such exposure of relatively old sediments has also been reported in
deep incised channels of the Yangtze Delta (Dong et al., 2014).
4.2. Implications for Sediment Dynamics and Biogeochemical Cycling
Our results demonstrate the applicability of magnetic methods for characterizing two types of surface sediments with similar particle size compositions in the Yangtze subaqueous delta, that is, older (Group II) and
modern (Group I) sediments. In the region investigated in this study, Group II sediments cover an area of
~50 km2 (Figure 1b); according to Li et al. (2015), this area was subjected to severe erosion to maximum
depths of 5 m during 2007–2013. It is estimated that about 5 × 107 m3 of sediment was eroded during this
period. Assuming a bulk density of 1.4 t/m3, about 12 Mt (megaton) of sediments would have been eroded
from the area annually, equivalent to 8% of the current ﬂuvial sediment supply to the delta (~145 Mt/yr, Yang
et al., 2015). If these sediments are not exported from the delta, they will remain in suspension or be redeposited in other areas within the delta. This may explain why some areas in the delta are still accumulating sediment while other areas are being eroded despite the overall decrease in ﬂuvial sediment load (Dai et al.,
2014). Our approach is meaningful for morphodynamic studies. For example, morphodynamic modeling
requires a knowledge of sediment characteristics, among which the critical shear stress for erosion is dependent on particle size, porosity, consolidation, organic/inorganic composition, and depositional history of the
sediment (Ge, Shen, et al., 2015; Luan et al., 2017; Parsons et al., 2016). This often requires a large sample set
and testing. Since the magnetic properties of sediments can provide a means of screening erosional and
depositional sites as well as the composition of sediments (e.g., oxidized versus reduced component as
discussed below), the technique can help in setting valid initial model conditions as well as in the veriﬁcation
of modeling results.
Mixing of older sediments with modern sediments can complicate dating of recent sediments using 210Pb
and 137Cs, as demonstrated by their proﬁles in some deltatic core sediments (e.g., Wei et al., 2007).
Similarly, 14C dating can be problematic due to sediment mixing (e.g., Stanley & Chen, 2000). To trace redeposition of old sediment, we attempt to apply the SIRM/Fe ratio to trace magnetically leached sediment,
assuming no net iron loss during reductive diagenesis. As shown in Figure 11, Group I samples have higher
SIRM/Fe values compared to those of Group II. Taking Groups I and II as end-members for modern and older
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sediments, respectively, surface sediments with intermediate SIRM/Fe
ratios indicate contributions from redeposited older sediment, if there
is no additional sediment source contribution.
Group II sediments are diagenetically reduced and have been exposed
by recent erosion; therefore, their geochemical properties differ from
those of recently deposited sediments. Reductants (e.g., iron sulﬁde)
associated with these reexposed sediments would be expected to react
with oxidizers, thus altering the biogeochemistry of water and sediment near the erosion site (e.g., consuming dissolved oxygen). In addition, buried aged carbon will be reexposed and possibly transported
elsewhere, thus complicating radiocarbon ages and the carbon cycle
in the delta and neighboring shelf environment. Preaged organic carbon has been reported in surface sediments in continental margin sediments, including this study area (Bao et al., 2016; Li et al., 2012; Wu
et al., 2013). This has been interpreted to reﬂect ﬂuvial input of preaged
Figure 11. Box-and-whisker plots of SIRM/Fe for surface sediments of Groups I
soil
organic carbon and fossil carbon (Li et al., 2012; Wu et al., 2013) or
and II.
protracted entrainment in cyclic resuspension-deposition loops which
leads to more refractory and older carbon (Bao et al., 2016). Our study provides an additional interpretation
of carbon aging in coastal margin sediments. In this respect, our approach provides insights into the poorly
understood carbon cycling in continental margins and associated biogeochemical processes.

5. Conclusions
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Magnetic and granulometric measurements of surface sediments from the Yangtze subaqueous delta enable
identiﬁcation of three groups of sediment. Groups I and II have similar particle size compositions but contrasting magnetic properties. They are interpreted to represent modern and relatively old sediments, respectively.
Modern sediments (Group I) have higher χ, SIRM, and S300 values, while the older sediments (Group II) have
lower χ, SIRM, and S300 values, which is due to modiﬁcation of their magnetic properties by reductive diagenesis after burial. Another group (Group III) has coarser particle sizes and intermediate χ and SIRM values,
which occupies the transitional region between delta deposits and Pleistocene relict sands. Analysis of sediment cores from the areas occupied by Groups I and II reveals differences in magnetic diagenesis proﬁles as
well as 210Pb and 137Cs proﬁles caused by sediment erosion. We propose that SIRM/Fe can be used potentially to trace magnetically leached old sediments. Our results demonstrate that magnetic properties are useful for tracing sediment erosion/deposition processes. Considering the mineralogical differences between
surface sediments, our approach will also be useful for understanding biogeochemical processes (e.g., carbon
cycling) associated with erosion/deposition cycles in deltaic and other marine environments. In particular,
sediment remobilization, which will mobilize buried refractory carbon, should be considered when undertaking radiocarbon dating in environments with signiﬁcant sediment reworking.
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